Special Issue on Motion Planning for Physical Robots
Algorithmic motion planning has been actively studied in robotics and related areas for more than three decades. There is a rich collection of motion planning algorithms based on computational geometry and algebraic methods, local or potential field techniques, randomized sampling, handling kinodynamic or non-holonomic constraints, optimization methods, etc. Most of these algorithms have been successfully used for CAD/CAM, bioinformatics, computer gaming and other applications. At the same time, advances in manufacturing technologies, sensing, and actuator devices have led to the development of powerful robots, including humanoid robots and general-purpose and programmable mobile manipulators such as Willow Garage PR2, Kawada HRP2, Aldebaran Nao, etc. However, there has been limited use or application of motion planning algorithms on these "physical robots" to perform various autonomous or navigation tasks. This is due to issues related to dynamic constraints, modeling uncertainty, perception, as well as real-time computation of motion strategies on the robotic platform. Recent developments in programmable mobile manipulators, along with opensource operating systems and environments, e.g. ROS, seem to open up many new possibilities to bridge this gap. Furthermore, the availability of better sensors (depth sensors, for example) and high computing power (multi-core CPUs and many-core GPUs) makes real-time planning algorithms for high-DOF physical robots feasible.
A workshop was organized at the IEEE International Conference on Robotics and Automation (ICRA) 2011 to address these issues. The workshop was very well attended and stimulated many new research ideas and directions. Based on the success of the workshop, a call for papers was issued in Spring 2012 for a special issue of The International Journal of Robotics Research (IJRR). In response to the call, the editors received 34 papers and after a careful review process, 11 papers were selected for this special issue. These papers illustrate the importance of motion planning and control algorithms for advanced robot programming and providing more autonomy in terms of computing motion strategies.
In order to deal with real-world constraints and applications, we need new algorithms that can satisfy real-time computational requirements, handle dynamic environments, and provide a strong coupling between planning and control. Many papers address these issues: Ellekilde and Petersen present an efficient trajectory-planning algorithm for bin picking using traditional industrial manipulators. The resulting planner has been demonstrated on a Kuka KR 30 HA robot and used for real-world experiments. Nagarajan, Kantor and Hollis describe an integrated approach that combines motion planning and control strategies in order to balance mobile robots navigating in human environments. The underlying motion planner takes into account the constraints of both the system dynamics and its controllers, and the controller is aware of the obstacles and navigation objectives. The resulting system has been evaluated on ballbot for point-point and surveillance motions. Shiller, Sharma, Stern and Stern present an on-line algorithm for obstacle avoidance in cluttered environments that satisfies the robot's dynamics and actuator constraints. This algorithm proceeds incrementally by considering one obstacle at a time; the overall complexity is linear in the number of obstacles. Its performance is demonstrated on a differential drive mobile robot.
Many real-world applications also require the robots to perform specific tasks; this is highlighted in the work of Englot and Hover, who propose an approach for coverage path planning which is applied to complex 3D structures and is useful for underwater inspection. It includes sampling-based design for inspection routines, along with planning and smoothness. The results have been demonstrated on the Hovering Autonomous Underwater Vehicle at USCGC Seneca.
The recent developments of humanoid robot platforms give rise to new challenges, for humanoid robots are both redundant and under-actuated, yet their limbs must perform complex tasks requiring control of contact relationships. The paper by Alcaraz-Jimènez, Herrero-Pérez and Martínez-Barberá, addresses the problem of dynamic balancing for Nao humanoid platforms. They present a control
The International Journal of system, based on robot characteristics, that performs robust walking by combining ZMP stability criterion with angular momentum suppression and step timing control. Dalibard, El Khoury, Lamiraux, Nakhaei, Taïx and Laumond present an algorithm for dynamic walking and whole-body motion planning for humanoid robots. It includes a randomized algorithm for constrained motion planning and combines it with dynamic walking that makes humanoid robots controllable within small spaces; the results are demonstrated on a HRP-2 robot. Lengagne, Vaillant, Yoshida and Kheddar present an approach to planning whole-body dynamic motion for humanoids and other complex robotics systems. The resulting approach can generate gaited or non-gaited, optimal and dynamic multi-contact motion of the robotic system. Its performance has been demonstrated on a HRP-2 humanoid robot.
Humanoid robots also motivate development of new paradigms for motion imitation and learning. Havoutis and Ramamoorthy address the problem of encoding and executing motion tasks from observations. The underlying formulation is model-free and does not assume an explicit or complete analytic specification of the task. It is also extended to handle dynamic obstacles and constraints. The resulting framework is demonstrated on a three-DOF KUKA arm and Nao humanoid robot.
Another key issue in motion planning, in addition to the classical geometric formulation, is the development of effective techniques for real-world applications by integrating principles from optimal control, numerical optimization, and stochastic inference. Ivan, Zarubin, Toussaint, Komura and Vijayakumar introduce the notion of topology-based representation for robot motion synthesis and manipulation; using this topology-based representation in combination with other representations based on an optimal control framework and generalized to dynamic environments, the robot can interact with and manipulate the environment. The results are demonstrated on a 7-DOF KUKA LWR4 arm. Zucker, Ratliff, Dragan, Pivtoraiko, Klingensmith, Dellin, Bagnell and Srinivasa present a trajectory optimization algorithm that can locally optimize feasible trajectories and is also useful in solving motion planning queries; they accomplish this by optimizing a function that trades off between smoothness and obstacle avoidance. The algorithm's performance is demonstrated on multiple robots, including PR2, LittleDog, HERB platform, etc. Kaelbling and Lozano-Pérez present an an integrated approach for planning, perception, stateestimation, and action for complex mobile manipulators based on planning in the belief space. This space is characterized by and based on probability distributions over states using hierarchical goal regression and is used for integrated task and motion planning. Its performance is demonstrated on the PR2 robot.
It may be a little surprising that this special issue does not have any paper that addresses some well-known challenging problems in geometric motion planning, like the ones related to the curse of dimensionality or planning in "narrow passages". One reason is that motion-planning algorithms for physical robots cannot be separated from the underlying application or context. It is more important to develop necessary interfaces with both low sensory-motor control and symbolic reasoning than to explore geometric issues that do not correspond to major bottlenecks in the physical world. This may also imply that research in basic motion planning algorithms has probably reached a level of maturity that we can now focus more on applications. This maturity can also be considered at a conceptual level: some of the widely used motion planning techniques are based on probabilistic approaches that perform reasoning not only in robot configuration spaces but also in "augmented" spaces, like state spaces that are used to model control issues or belief spaces used to account for decisional issues. This maturity is also exhibited in terms of practical software tools, including open-source libraries such as FCL, OMPL, MoveIt, OpenRAVE, etc. for collision detection and path computation. We hope that the readers will find special issue useful in terms of developing next generation of algorithms for physical robots and use them for many new real-world applications.
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